(Z. N a tu rfo rsch . 26 a , 40-44 [1 9 7 1 ]; rec e iv ed 6 O c to b e r 1970) A summary of possible mechanisms of surface and interface mass transport in the presence of an electric field and current, and a brief review of experimental data are presented. Emphasis has been given to the relationship between faceting on metal surfaces and a charge carrier flow. A theory for this is presented based on the theory of pure thermal faceting by Mullins 8. The cal culated values of the effective charge show a negative temperature gradient and are close to one for reasonably high temperatures, proving that the "drift term" caused by charge carrier scattering is negligible.
This contribution briefly surveys present know ledge and touches on questions concerning the change of surface and interface mass transfer due to a superimposed electric field and a charge car rier flow.
Although S k a u p y 1 in 1924 and S ch w a rz 2 in 1939 performed experiments which showed clearly a distinct influence of the electric current on sur face mass flow, there is very little quantitative in formation available on this subject. This is mainly because there is a lack of knowledge of surface pro perties, particularly of electronic properties. Skaupy observed on tungsten wires what has been called "Gleichstromeffekt" . Schwarz observed polonium tracer migration towards the anode on silver wires annealed by DC.
The interaction between the activated migrating surface particle and the field can be due to Cou lomb forces by ionization and dipole forces. The interaction with the current carriers must be due to inelastic scattering. The proportionality between the surface mass drift and the diffusion coefficient de monstrates that large effects can be expected com pared with the volume, if the surface diffusion co efficient exceeds the volume coefficient by several orders of magnitude. But this cannot be assumed necessarily. There is a large scatter in the experi mental data on surface selfdiffusion coefficients. The theory for this, on the basis of the terrace-ledgekink model and hard spheres interacting with cen tral forces yields values for an undisturbed smooth surface of the same order of magnitude as the vol-ume. The reason for this is the formation energy for adsorbed atoms on the surface which are in equilibrium with the appropriate number of vacan cies in the top atom layer. But if the adsorbed mi grating atoms which contribute dominantly to sur face diffusion are supplied by other sources, e. g., lattice defects, or from the exterior, the drift velo city is increased since the formation energy can be omitted or reduced. The self-diffusion on high index planes should be expected to be faster than on low index planes since the number of migrating atoms is larger due to a lower enthalpy of formation.
Field-microscope
Dipole forces have to be considered only in the field-microscopes as far as the so-called build-up process in a field of several Volts/A normal to the surface takes place. The induced dipoles lead di rectly to a reduction in the activation energy of the appropriate surface diffusion process. D y k e and C h a r b o n n i e r 3 cited an equation for the time of the build-up process which can be used to calculate AQ with the help of E0 and an "equi librium" field strength E which does not allow the emitter tip to dull or to facet. The comparison of measured and calculated values according to Dyke and Charbonnier for W, Mo and Nb shows a mark ed discrepancy which originates from the different geometries in the tip shape conversion during the two different processes.
It is evident that current scattering and momen tum transfer have no effect since the current densi ties are orders of magnitude too low. This agrees with the results of S o k o l s k a y a 4 who had shown the time for the build-up process in the field to be independent of the field polarity which indicates also that the Coulomb forces are negligible. The an isotropy of the tip geometry with respect to the field direction or the tip polarity, respectively, should show a difference in the build-up time according to other than dipole forces.
As far as second components are migrating over the surface, the permanent dipoles which are inter acting with the gradients of the tangential field com ponent may have to be taken into consideration. But the discrepancies of AQexp and /4@theor cannot be explained by the tangential field component.
Electrotransport and Faceting
The single crystallites of tungsten lamp filaments grown by fiber-enlargement during annealing ex hibit a regular and crystallographically oriented surface structure exclusively after a DC-anneal last ing several hundred hours. This is known as the DC-Effect. The results of L a n g m u i r 5 on tantalum sheet, H o n d r o s and M o o r e 6 on silver sheet and those on tungsten concerning the "Gleichstrom effekt" 7 have left no doubt that consideration of the faceting kinetics requires as an additional force Z* e E for an appropriate description. Unfortunately, faceting is a very complex phenomenon with very little quantitative information yet available. The knowledge of surface diffusion coefficients as a function of orientation is required as far as faceting turns out to be mainly diffusion control led. There is still much support for an evaporation-condensation mechanism as the interpretation of the results of Hondros and Moore shows. The relative contribution of one particular mechanism is a function of temperature and surface geometry. As can be altered with new boundary conditions in the presence of a transport force Fc on high indexed planes and Fs on low indexed planes. The resulting model for faceting with electro-transport is shown in Fig. 2 . A rough estimate of the effective charge, on the basis of the results on tungsten yields values of Z* ^ 1, using the observation that the total mass flux involved in faceting must be of the same order of magnitude as the mass flux due to electrotrans port. The following calculations of Z* partly make use of the theory of Mullins for thermal faceting and, consequently, the same pertinent notations have been used. The continuity of the mass flux across a facet edge at 5j(-x*, -y*) or S2(:r*,?/*) requires
The variable y (x, f) describes the cross section of the facet and satisfies the differential equation
where x* and y* are the coordinates at the points where the low index-plane terminates, v and v are the surface mass densities and Z)c and Ds are the surface diffusion coefficients on the complex and simple plane, respectively, Q the atomic volume, yc the free surface energy of the complex planes, With x* (x*2 + y*2)_Vl = cos a Eq. (5) yields
The right hand side of Eq. (6 ) The relative value of the diffusion coefficients on low index and complex planes permits the determi nation of the sign of z* on the surface or vice-versa. This sign is not necessarily identical with that of z* in the bulk material because of adsorption and the possible variation of the scattering of charge carriers in the surface region. Tracer experiments on surface electrotransport are not yet available.
Two limiting cases will now be discussed: the cases d = 0 and d = oc.
a) d = 0
Equation (7) takes the form -----------" ------- 
If co0 is the value for faceting without electro transport, Eq. (8 ) yields
where B is proportional to Dc and Fs does not ap pear anymore since the drift on the low index plane does not contribute. The second term on the right hand side gives the electrotransport correction for surface diffusion-controlled faceting in the limit Ds/Dc 1. Since no particular assumption about F has been made, it pertains as well to thermotrans port.
b) d = oo
Equation (7) 
(E = electric field, e = electron diarge, Z* = effective charge in units of e).
Here B must be proportional to Ds and the drift due to Fc does not contribute. The second term in the denominator represents the transport force cor rection, which makes a) = co0 if it were zero. Since there are no published experimental data yet of x* = a>(B t)1 '*, Eqs. (9) and (10) are now used to estimate the effective diarge Z* for the limit co = 0 , using the observation that faceting may be suppressed by electrotransport.
The power series representations of Z3(co) and Z4(co) according to Mullins yield 
+ D 12
a ) . The numerical values indicate very clearly that at temperatures above (1/2)TS the mass transport due to the superimposed electric field may balance the mass flux of faceting when Z* values are close to one. The result agrees with rough estimates and shows that Z* is of an electrostatic nature and the drift by charge carrier scattering can be considered negligible.
As far as the possible sign change of Z* on sur faces is concerned, the results of K l o t s m a n , T i m o f e e v and T r a k h t e n b e r g 11 deserve special interest. They found that the tracer diffusion of Ag110 in silver, copper and gold, and of Sn123 in tin is di rected towards the cathode, whereas the bulk is transported towards the anode. The authors explain the high absolute values of Z* with the assumption of a cooperative diffusion of several atoms in the stacking fault plane. The sign change can be ex plained by means of a transition from electron conduction in the bulk to hole conduction in the boundary. The possibility for a change in the con duction mechanism is also indicated by investiga tions on the electrotransport of In in Ag 12 and Ge in Ge 13 in the vicinity of dislocations. In principle, the knowledge of diffusion kinetics in the grain boundaries would permit the use of electrotransport experiments as probes for the electronic character of the boundary.
Special Effects
It has been established that evaporated thin films become electronic conducters earlier with an elec tric field across the substrate. The primary islands contact each other at an earlier stage in the field.
12 Y. A. S t e r k h o v , V. A. P a n t e l e e v , and P . V This has been investigated, e. g., for silver on glass and gold on m ica14. It cannot be excluded that enhanced surface diffusion on the substrate is in volved, but the enhanced coalescence of islands is due mainly to the absence of free charges which can reach the substrate with the vapor beam and can be removed from it by a field crossing the beam 15. In relation to the electrotransport in thin films is the fact that silver preferably, but also copper and gold, migrate on insulating dielectric substrates used as capacitors in an electric field amounting to several kV/cm. The silver ions migrate even with out a field due to an interaction with the surface, but their migration velocity is increased by an ex ternal field in the capacitor due to their ionized state 16. A monograph on the subject of electrotransport and thermotransport on surfaces and interfaces will be published in 1971 17. 
